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APPARATUS, METHODS, AND SYSTEMS 
FOR EXTRACTING PETROLEUMUSINGA 

PORTABLE COAL REFORMER 

REFERENCE TO RELATED APPLICATIONS 

This application claims priority from co-pending U.S. 
application Ser. No. 1 1/392,898 entitled “Apparatus and 
method for extracting petroleum from underground sites 
using reformed gases to Robert Zubrin et al., filed on Mar. 
29, 2006, the entirety of which is hereby incorporated by 
reference herein. This application also claims priority from 
co-pending PCT Application No. PCT/US07/64664 entitled 
"Apparatus, methods, and systems for extracting petroleum 
and natural gas” to Robert Zubrin et al., filed on Mar. 22, 
2007, the entirety of which is hereby incorporated by refer 
ence herein. This application is related to co-pending U.S. 
application Ser. No. 1 1/751,028 entitled “Portable and modu 
lar system for extracting petroleum and generating power” to 
Robert Zubrin et al., filed on May 20, 2007, the entirety of 
which is hereby incorporated by reference herein. 

FIELD OF THE INVENTION 

This invention relates to the extraction ofgasses and liquids 
from underground and underwater sites and more particularly 
to petroleum and/or natural gas extraction using gas reformed 
from coal. More particularly, the present invention relates to 
a portable coal-reforming apparatus that may be taken to the 
location of a candidate oil field and used to extract oil and/or 
natural gas. 

BACKGROUND OF THE INVENTION 

Currently there are tens of thousands of depleted oil and 
natural gas wells around the world, which collectively pos 
sess significant amounts of petroleum resources that cannot 
currently be extracted using conventional extraction tech 
niques. 

For example, in a typical oil well, only about 30% of the 
underground oil is recovered during initial drilling (“primary 
recovery’). An additional approximately 20% may be 
accessed by 'secondary recovery techniques such as water 
flooding. In recent years, “tertiary recovery” (also known as 
“Enhanced Oil Recovery” or EOR) techniques have been 
developed to recover additional oil from depleted wells. Such 
tertiary recovery techniques include thermal recovery, chemi 
cal injection, and gas injection. Using current methods, these 
tertiary techniques allow for an additional 20% or more of the 
oil to be recovered. 
Gas injection is one of the most common EOR techniques. 

In particular, carbon dioxide (CO) injection into depleted oil 
wells has received considerable attention owing to its ability 
to mix with crude oil. Since the crude oil is miscible with 
CO, injection of CO renders the oil substantially less vis 
cous and more readily extractable. 

Despite the potential advantages of CO in enhanced 
recovery, its use has been hampered by several factors. For 
instance, in order for the enhanced recovery process to be 
economically viable, the CO gas must be naturally available 
in copious Supplies at reasonable cost at or near the site of the 
oil well. Alternatively, CO can be produced from industrial 
applications such as natural gas processing, fertilizer, ethanol 
and hydrogen plants where naturally occurring CO reser 
voirs are not available. The CO must then be transported over 
large distances via pipeline and injected at the well site. 
Unfortunately, such CO pipelines are difficult and costly to 
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2 
construct. Additionally, many oil sites are out of reach from 
such natural and industrial sources of CO. 

Another gas that can potentially be used for enhanced 
recovery purposes is hydrogen. Hydrogen has received con 
siderably less attention than CO., however. Hydrogen, 
although somewhat soluble with oil, is believed less so than 
CO. Moreover, traditionally, hydrogen has been costly to 
produce and its use has not been justified from an economic 
standpoint. 
The rising cost of crude oil, as high as S60 to S70 per barrel 

in recent times, has increased interest in new enhanced oil 
recovery technologies. Simultaneously, the low cost of coal, 
often lower than $30 perton, has made coal an attractive fuel 
source for EOR purposes. 

Accordingly, as recognized by the present inventors, what 
are needed are a novel method, apparatus, and system for 
extracting oil/petroleum from the ground or from oil wells, 
Such as depleted oil wells, by utilizing driver gases generated 
from a coal source. What are also needed are a method, 
apparatus, and system for extracting natural gas from the 
ground or from natural gas wells by utilizing driver gases 
generated from a coal source. 

Therefore, it would bean advancement in the state of the art 
to provide an apparatus, System, and method for generating 
large quantities of carbon dioxide, hydrogen and other gases 
from coal or a derivative of coal at low cost at or near an oil 
site. 

It is against this background that various embodiments of 
the present invention were developed. 

BRIEF SUMMARY OF THE INVENTION 

One embodiment of the present invention is a portable 
apparatus for generating a gas mixture from coal that may be 
used to drive currently unrecoverable oil from a near-de 
pleted, or depleted, oil reservoir. An embodiment of the 
present invention is a portable, highly economic CO2 genera 
tion system. This embodiment also generates large Supplies 
of hydrogen. An embodiment of the present invention is a 
portable, modular system that may be delivered to the site of 
the oil well by various methods of transportation, including a 
truck, a boat, oran airplane. The scale of the present invention 
is simultaneously portable and also sized to generate suffi 
cient driver gas for economic recovery of oil. 

In one embodiment of the present invention, the portable 
apparatus generates CO and hydrogen by a coal reforming 
reaction. The CO is injected into the well while the hydrogen 
is split off from the CO product to be used for other purposes, 
including electrical power generation or petrochemical pro 
cessing. As will be discussed below, the hydrogen may also be 
injected simultaneously with the CO. Depending upon fac 
tors such as the particular composition of the underground oil, 
as well as the local cost of electrical power, an operator of the 
present invention may find it advantageous to use hydrogen in 
different proportions for these various purposes. Further 
more, if advantageous, the hydrogen may be injected by itself 
while the CO, is used for other purposes. 

In light of the above and according to one embodiment of 
the present invention, disclosed herein is an oil recovery 
apparatus for extracting oil from an oil well (“the apparatus'). 
The apparatus includes a portable reformer for reacting a 
controlled amount of coal with a controlled amount of steam 
to generate driver gas, a compressor module for pressurizing 
the driver gas leaving the portable reformer, and an injection 
line, operatively connected to the compressor module, 
adapted to inject the driver gas into the oil well. 
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Another embodiment of the present invention is the appa 
ratus described above that also includes a filter module for 
removing particles from the driver gas exiting the portable 
reformer. 

Yet another embodiment of the present invention is the 
apparatus described above, where the driver gas includes 
hydrogen gas and carbon dioxide gas. The apparatus may also 
include a gas separator adapted to separate at least a portion of 
the hydrogen gas from the carbon dioxide gas. 

Yet another embodiment of the present invention is the 
apparatus described above that also includes a heat recovery 
module, operatively connected to the portable reformer and 
the filter module. The apparatus may also include a steam 
generator, operatively connected to the heat recovery module 
for converting water into steam, where the steam generator is 
positioned adjacent to the portable reformer such that heat 
from the heat recovery module is used to convert water into 
the steam entering the portable reformer. 

Yet another embodiment of the present invention is the 
apparatus described above that also includes a hopper adapted 
to feed coal directly into the portable reformer. 

Yet another embodiment of the present invention is the 
apparatus described above, where the portable reformer is a 
fixed bed reformer. 

Yet another embodiment of the present invention is the 
apparatus described above, where the portable reformer is a 
fluidized bed reformer. The apparatus may also include a 
cyclone fluidly connected to the fluidized bed reformer for 
removing ash from the driver gas exiting the fluidized bed 
reformer. 

Yet another embodiment of the present invention is the 
apparatus described above, where the portable reformer is an 
entrained flow reformer. 

Yet another embodiment of the present invention is the 
apparatus described above, where the coal and water is fed 
into the portable reformer as a liquid feed in the form of a 
coal/water slurry. 

According to another embodiment of the present invention, 
disclosed herein is an apparatus for removing oil from an oil 
well. In one example, the apparatus may include a first storage 
container for storing a combustible material used in a com 
bustion reaction; a second storage container for storing coal 
or coal derivative used in the reforming reaction; a third 
storage container for storing water to be reacted with the coal 
in the apparatus; a first chamber having an inlet and an outlet, 
the first chamber for combusting the combustible material 
with ambient oxygen for the release of energy, the inlet of the 
first chamber fluidly coupled with the first storage container; 
and a second chamber having an inlet and an outlet, the inlet 
of the second chamber fluidly coupled with the second and 
third storage containers, a portion of the second chamber 
positioned within a portion of the first chamber, the second 
chamber fluidly isolated from the first chamber. In one 
example, the energy released in the first chamber heats the 
coal and water sources used in the reforming reaction in the 
second chamber to a temperature above that necessary for the 
reforming reaction to proceed, thereby reforming the coal and 
water sources into driver gas exiting the outlet of the second 
chamber. 

In one example, the first chamber includes an igniter for 
igniting the combustible material, and the second storage 
container may include a mixture of water with coal. 

In another embodiment, the apparatus may include a first 
heat exchanger coupled with the outlet of the first chamber 
and thermodynamically coupled with the second chamber, 
the first heat exchanger for pre-heating the coal and/or water 
Sources. The apparatus may also include a second heat 
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4 
exchanger coupled with the outlet of the second chamber and 
thermodynamically coupled with the inlet of the second 
chamber, the second heat exchanger for pre-heating the coal 
and/or water Sources and for cooling the generated driver gas. 

According to another embodiment of the present invention, 
disclosed herein is an autothermal apparatus for generating 
driver gas to remove oil from an oil well. In one example, the 
apparatus may include a single reaction chamber for combin 
ing coal, water, and an oxidizer, a coal delivery belt for 
delivery of coal; a pipeline for delivery of water; an oxidizing 
agent delivery pipe for delivery of oxygen or other oxidizing 
agent; and a driver gas outlet port for removal of driver gas 
produced in the reaction chamber. In one example, a counter 
flow heat exchanger provides energy/heat from the released 
driver gas to the incoming water to facilitate the autothermal 
reformer reaction in the reaction chamber. 

In one example of the autothermal reformer apparatus, a 
reaction chamber heater pre-heats the reaction chamber to 
initiate the coal reforming reaction and Subsequent formation 
of driver gas. 

According to yet another embodiment of the present inven 
tion, disclosed herein is a method for generating and using 
hydrogen and carbon dioxide rich gas mixtures from Steam 
reforming of coal (or a derivative of coal); the gas mixtures 
can be used to drive oil from an oil well. In addition, and in 
accordance with another embodiment of the present inven 
tion, disclosed herein is a method for generating and using 
hydrogen and carbon dioxide gas mixtures from Steam 
reforming of coal (or a derivative of coal), the gas mixtures 
used to drive trapped natural gas out of the ground. 

Accordingly, disclosed herein is a method for removing oil 
from a near-depleted oil well (“the method”). The method 
includes the steps of providing a portable coal reformer at a 
site of the oil well, feeding a controlled amount of coal and a 
controlled amount of steam into the reformer, and reacting the 
coal and the steam in the reformer to generate a driver gas 
containing a mixture of hydrogen gas and carbon dioxide gas. 
Then, compressing the drivergas to a pressure appropriate for 
the oil well, and injecting the driver gas into the oil well. And, 
subsequently recovering the oil from the near-depleted oil 
well. 

Another embodiment of the present invention is the 
method described above, that also includes the step of puri 
fying the driver gas by filtering particles from the driver gas 
existing the portable reformer. The method may also include 
the step of recycling intermediate-sized particles back into 
the portable reformer. 

Yet another embodiment of the present invention is the 
method described above, that also includes the step of adding 
a source of oxygen to the portable reformer, and reacting the 
oxygen with a combustible fuel source in the portable 
reformer. The combustible fuel source may also be coal. 

Yet another embodiment of the present invention is the 
method described above, that also includes the step of remov 
ing Sulfur from the driver gas exiting the portable reformer. 

Yet another embodiment of the present invention is the 
method described above, that also includes the step of sepa 
rating the driver gas into a hydrogen stream and a carbon 
dioxide stream prior to injecting the driver gas into the oil 
well. In the method described here, the carbon dioxide stream 
may be injected into the oil well and the hydrogen stream may 
be used to generate power. 

In one example, the methods of the invention include 
reforming or reacting coal or a derivative of coal with water to 
generate hydrogen and carbon dioxide rich “drivergas' mix 
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tures and injecting the driver gas into the oil well. The water 
may be introduced into the reforming reactor as liquid water 
Or as Steam. 

The reforming reaction may be driven by the release of 
energy from a combustible or non-combustible source (Such 
as electricity). In some embodiments, the energy is provided 
by a combustion reaction using a combustible material and 
atmospheric air. In a particular embodiment, the energy is 
provided by combusting coal with ambient air. 

In some embodiments, the driver gas is a hydrogen-carbon 
dioxide rich gas mixture. 

Other features, utilities and advantages of the various 
embodiments of the invention will be apparent from the fol 
lowing more particular description of embodiments of the 
invention as illustrated in the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an example of an embodiment of the 
present invention for the extraction of oil from an oil well; 

FIG. 2 illustrates an example of operations for extracting 
oil from an oil well, in accordance with an embodiment of the 
present invention; 

FIG. 3 illustrates an example of an indirect coal reformer 
for use with an apparatus for extracting oil from an oil well, in 
accordance with an embodiment of the present invention; 

FIG. 4 illustrates an example of an autothermal coal 
reformer for use with an apparatus for extracting oil from an 
oil well, in accordance with an embodiment of the present 
invention; 

FIG. 5 illustrates an example of a fixed-bed coal-steam 
reformer for extracting oil from an oil well, in accordance 
with an embodiment of the present invention; 

FIG. 6 illustrates an example of a fluidized-bed coal-steam 
reformer for extracting oil from an oil well, in accordance 
with an embodiment of the present invention; 

FIG. 7 illustrates an example of an embodiment of the 
present invention for the extraction of oil from an oil well and 
for the generation of electricity; and 

FIG. 8 illustrates an example of operations for extracting 
oil from an oil well and generating electricity, in accordance 
with an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Throughout this disclosure, the symbol “kcf shall stand 
for “thousand standard cubic feet, usually of CO unless 
explicitly stated otherwise. The symbol “MMcf shall stand 
for “million standard cubic feet, usually of CO, unless 
explicitly stated otherwise. That is, a reformer that produces 
1 kcf/day of driver gas produces 1,000 standard cubic feet of 
driver gas per day, while a reformer that produces 1 MMcf/ 
day of driver gas produces 1,000,000 standard cubic feet of 
driver gas per day. The word “day” shall mean “a day of 
operations.” which could be an 8-hour day, a 12-hour day, a 
24-hour day, or some other amount of time, depending on 
how a particular oil field is being operated. Please note that 
other sources may use different symbols, such as “mcf for 
“thousand cubic feet” based on the Roman numeral “M” for 
thousand, and care should be taken in terminology when 
consulting Such sources. 

Embodiments of the present invention provide for the gen 
eration of driver gas that is used for extracting oil from an 
otherwise depleted oil well, or to drive trapped reservoirs of 
underground natural gas to the Surface. For purposes of the 
present invention, a driver gas is typically any gas formed 
during the reforming reactions of the present invention and is 
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6 
preferably a hydrogen-rich gas or hydrogen and carbon diox 
ide containing gas. Various embodiments of the present 
invention are disclosed herein. Note that the majority of the 
disclosure is directed toward creating a driver gas that is 
ultimately injected into depleted oil wells for the extraction of 
oil; however, methods and apparatus of the invention can also 
be used to create driver gases useful in driving trapped natural 
gas to the Surface. As such, it is noted that the scope of the 
present invention encompasses the use of drivergas created in 
accordance with the present invention to drive out other mate 
rials beyond oil from depleted oil wells, and in particular 
encompasses using driver gas to drive trapped natural gas out 
of underground natural gas reservoirs. 

In particular, carbon dioxide (CO) may be injected into 
depleted oil wells, rendering the oil substantially less viscous 
and more readily extractable. The CO, also pressurizes the 
oil, while the reduced viscosity mobilizes the oil for recovery 
through fluid drive. 

In addition, hydrogen (H) may also be injected into 
depleted oil wells. There are various properties of hydrogen 
that Suggest it would be highly useful intertiary oil recovery 
if it can be economically produced at the site of the oil well. 
For instance, hydrogen has an extremely high rate of diffusion 
and is able to pervade the underground reservoir relatively 
quickly upon injection. Thus, the hydrogen will cause the oil 
to Swell leading to a Subsequent reduction in Viscosity. At the 
same time, hydrogen will pressurize the well by creating an 
artificial gas cap. The resultant increased pressure renders the 
oil more amenable to withdrawal from the reservoir. More 
over, unlike water and heavier gases, hydrogen has the ability 
to invade tight junctions in a petroleum reservoir and thus, to 
provide a driving force for moving oil from such tight por 
tions of a reservoir. 

Another potentially significant advantage of using hydro 
gen in enhanced oil recovery is its ability to hydrogenate the 
oil in-situ. Hydrogenation of oil purifies the crude oil while at 
the same time reducing its viscosity, thus making the oil more 
prone to tertiary recovery and increasing its value. Generally, 
the hydrogenation reactions to purify recovered crude oil are 
carried out following oil recovery. Such processing steps are 
costly and potentially environmentally harmful. Accordingly, 
the in-situ hydrogenation of oil reservoirs has an environmen 
tal as well as an economic advantage. 

In one embodiment of the present invention, pressurized 
hydrogen and CO2 are injected simultaneously into the well. 
Carbon dioxide, when combined with hydrogen, will have a 
greater impact on enhanced oil recovery than CO alone. 
Carbon dioxide, by virtue of dissolving in the crude oil, will 
decrease the Viscosity of the oil, making it more amenable to 
recovery. Additionally, by permeating the Small nooks and 
crevices in the bedrock, the hydrogen will have greater access 
to the oil and further reduce its viscosity. Thus, carbon diox 
ide and hydrogen will have a cooperative and mutually ben 
eficial effect on the oil recovery process. However, it will be 
appreciated that this invention is not limited to this particular 
theory of operation. 

It is another embodiment of the present invention to inject 
gases that are miscible in oil into an oil well in order to 
generate an artificial gas cap, thereby enhancing recovery of 
the oil. It is yet another embodiment of the present invention 
to inject a gas mixture composed of hydrogen and other gases 
so that the gas cap is a mixture composed Substantially of 
hydrogen. It is yet another embodiment of the present inven 
tion to inject a gas mixture composed of carbon dioxide and 
other gases so that the gas cap is a mixture composed Sub 
stantially of carbon dioxide. It is yet another embodiment of 
the present invention to inject a gas mixture composed Sub 
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stantially of hydrogen and carbon dioxide so that the gas cap 
is a mixture composed substantially of hydrogen and carbon 
dioxide. It is yet another embodiment of the present invention 
to capture the mixture of gases emerging from the oil well 
apart from the recovery of crude oil. 

In FIG. 1, an underground oil well 100 (which may be 
otherwise depleted) is illustrated, having an amount of oil 
therein, such as a residual amount of oil 109. A portable, 
self-contained coal reformer 102 in accordance with the 
present invention generates driver gas (shown as arrow 104) 
that may be pumped into the oil well 100 for extracting the 
residual oil from the oil well 100. As explained herein, the 
coal reformer 102 may reform or react coal or derivatives of 
coal (shown as arrow 105) with water (shown as arrow 107) to 
form driver gas which, in one example, is a hydrogen and 
carbon dioxide gas mixture. The driver gas is then com 
pressed by a compressor 106 into high pressure gas that could 
be pumped underground via injection line 108, where it could 
impose pressure on residual underground petroleum 109 suf 
ficient to allow it to be extracted by a nearby oil recovery well 
head 110 or other like site. As an alternative to using coal, the 
reforming fuel Source may also include alcohols, olefins, 
paraffins, ethers, aromatic hydrocarbons, carbonaceous 
urban trash, biomass, and other like materials (or mixtures 
thereof). 

FIG. 2 illustrates an example of operations that may be 
performed in order to drive petroleum resources out of the 
ground, such as out of an oil well or a depleted oil well. At 
operation 1 (shown as element 200), coal is reformed into 
driver gas. In one example, operation 1 may include combus 
tion of coal 202, in order to provide energy, for instance, 
within a combustion chamber. The energy generated from the 
combustion may be used to heat the coal to a temperature 
where the coal reacts with water to form a hydrogen-rich 
driver gas 204. Note that the energy used to drive the reform 
ing reaction can also be provided from burning a fuel other 
than coal, or from a non-combustible source, for example, 
Solar energy, nuclear energy, wind energy, grid electricity, or 
hydroelectric power (shown as element 206). 

At operation 2 (shown as element 208), the driver gas is 
injected into the oil well in order to drive petroleum out of the 
ground 210. For instance, the injected gas may soften highly 
Viscous petroleum residues and displace them, thereby mobi 
lizing such petroleum residues for recovery by conventional 
means (shown as element 212). 

Embodiments of the present invention provide reformer 
apparatus for generating driver gas used in petroleum extrac 
tion, from among other sites, depleted oil wells. Apparatus 
embodiments of the invention are portable, self-contained, 
and energy efficient, and are able to generate driver gas 
through steam reforming of coal. In some embodiments, the 
apparatus utilizes a coal reforming reaction to generate the 
driver gas and a combustion reaction to provide the energy 
required to reform coal and generate the driver gas. Various 
apparatus embodiments are provided herein based on either 
separating the reforming reaction from the combustion reac 
tion or based on combining the reforming reaction with the 
combustion reaction (referred to herein as “autothermal 
reforming'). In addition, the apparatus typically includes heat 
exchange elements to facilitate heat transfer from the high 
temperature driver gas to incoming reformer and/or combus 
tion fuel. The transfer of heat facilitates the reforming reac 
tion and lowers the energy required to complete the driver gas 
formation. Note that various apparatus configurations are 
envisioned to be within the scope of the present invention as 
long as the apparatus provides for on-site, portable, energy 
efficient coal reforming reactions (and preferably coal-steam 
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8 
reforming reactions) that produce driver gas useful in the 
extraction of petroleum products from an underground 
Source. As such, one illustrative embodiment is described in 
relation to FIG.3 for separate reformer and combustion reac 
tions, followed by an embodiment described in relation to 
FIG. 4 for autothermal coal reforming and production of 
driver gas from a single reaction chamber. 
The generated driver gases include hydrogen gas and car 

bon dioxide gas, and may also include other gases, such as 
nitrogen, carbon monoxide, etc. In one embodiment of the 
present invention, the hydrogen gas is separated, and used 
separately from the carbon dioxide. For example, the hydro 
gen gas may be burned in a gas turbine to generate electricity. 
Alternatively, the hydrogen gas may be mixed with the carbon 
dioxide, and used in conjunction with the carbon dioxide for 
enhanced oil recovery. 
As used herein, the term “coal includes any solid hydro 

carbon, and derivatives thereof, including but not limited to 
lignite, Sub-bituminous, bituminous, anthracite, peat, and the 
like. Derivatives of coal are also included within the term 
"coal,” including, but not limited to, coal of all particulate 
sizes, crushed coal, pulverized coal, coal slurry (a mixture of 
coal and water), liquefied coal, etc. 
A significant advantage of utilizing coal is the very low cost 

of coal in relation to liquid or gaseous fuels. Coal may be 
obtained at a typical cost of $30 per ton (approximately 3 
cents per kilogram), and coal with high water content (which 
is advantageous in this application since water is a reactant) 
may be obtained at a significantly lower cost. The present 
invention may be especially advantageous in locations where 
coal is readily and/or cheaply available at or near the site of 
the oil well, as is often the case at many oil fields. 
Reformer Apparatus 

FIG. 3 illustrates an example of a self-contained, portable 
apparatus 300 for generating driver gas (shown as arrow 302) 
for injection into the ground oran oil well, in accordance with 
one embodiment of the present invention. 

In FIG. 3, an embodiment of the apparatus may include a 
first storage container (not shown) for storing a combustible 
material. Such as coal, an alcohol, olefin, or other like mate 
rial. A second storage container (not shown) may also be 
provided for storing the coal fuel for the reforming reaction. 
The water may be mixed with the coal in this container to 
form coal slurry. Alternatively, a third container (not shown) 
may be used to store water to be reacted with the coal in the 
reformer chamber. 

In one example, a first chamber 304 has an inlet port 316 
and an outlet port 310 and is adapted to provide for the 
combustion of the combustible material. In one example, the 
first chamber 304 includes an igniter such as a sparkplug. 312 
or other conventional igniter, and a nozzle 314 coupled with 
the inlet port 316 of the first chamber 304. The inlet port 316 
of the first chamber 304 may be coupled with the first storage 
container (not shown) so that the contents of the first storage 
container may be introduced into and combusted within the 
first chamber 304. The first chamber 304 also includes a port 
308 for introducing combustion air into the first chamber 304. 
The first chamber 304 is also adapted to receive a portion of 
the second chamber 306, described below, so that the energy/ 
heat from the combustion of the combustible material from 
the first storage container (not shown) within the first cham 
ber 304 is transferred into a portion of the second chamber 
306. The outlet port 310 of the first chamber 304, in one 
example, is near the inlet port 320 of the second chamber 306, 
and a heat exchanger 318 is used to allow the combustion 
exhaust gas to heat the coal and water entering the second 
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chamber 306. Alternatively, the outlet 310 of the first chamber 
306 can feed to a heat exchanger located inside the second 
chamber 306, which thereby allows the combustion exhaust 
gases produced in the first chamber 304 to provide the heat to 
drive the reforming reactions in the second chamber 306. 
The second chamber 306 has an inlet port (shown as arrow 

320) and an outlet port 302. In one example, the inlet port 320 
is coupled with the second and third storage containers (not 
shown) and receives the contents of the second and third 
storage containers (not shown). 

In one example, the second chamber 306 is positioned 
within the first chamber 304, such that the combustion heat/ 
energy from the first chamber 304 heats the coal and water 
sources contained within the second chamber 306 to a point 
where the coal reforms into a drivergas which exists out of the 
outlet port 302 of the second chamber 306. The first and 
second chambers may be fluidly isolated. 

In one embodiment, shown in FIG. 3, the reformer feed 
entering the inlet port 320 may be a single fluid, for example 
coal-water slurry. In other embodiments, not shown in FIG.3, 
the coal and water may be fed into the reformer chamber 
through separate inlets. 

In one example, a first heat exchanger 318 is coupled with 
the outlet port 310 of the first chamber 304 (the combustion 
chamber) and is thermodynamically coupled with a portion of 
the inlet port of the second chamber 306. In this manner, the 
hot combustion exhaust gases from the first chamber are used 
to preheat the coal and water sources as they are being intro 
duced into the second chamber 306 for reformation into a 
driver gas. 
A second heat exchanger 326 may also be utilized, wherein 

the second heat exchanger 326 is thermodynamically coupled 
with the outlet port 302 and the inlet port 320 of the second 
chamber 306, which provides the dual benefit of preheating 
the coal and water Sources prior to entry into the second 
chamber 306, as well as cooling the driver gas which is 
expelled from the outlet port 302 of the second chamber 306. 

Not withstanding the above examples, the present inven 
tion does not require the use of heat exchangers. The use of 
heat exchangers is optional. Heat exchangers may be used to 
increase the efficiency of the reformer apparatus. However, 
there may be situations in which heat exchangers would not 
be used, such as when hot driver gas is desired and/or when 
the coal and water sources are pre-heated. 
Autothermal Apparatus 

FIG. 4 illustrates another example of a self-contained por 
table apparatus 400 for generating driver gas for injection into 
the ground oran oil well, in accordance with another embodi 
ment of the present invention. The embodiment illustrated in 
FIG. 4 provides an “autothermal reformer for the production 
of driver gas that is injected into the ground or an oil well (to 
remove oil or natural gas or other like materials). 
An autothermal reformer 400 of the present invention 

directly reacts a coal source with water as well as oxygen, air, 
or other oxidizers in a single chamber 402. Embodiments of 
the reformer provide an environment for reforming coal from 
a feed at proper temperature and pressure resulting in the 
release of driver gas. Since the reforming reaction is favored 
by low pressure, in Some embodiments, pressure in the auto 
thermal reactor is maintained under 50 bar, and possibly 
under much lower pressure. Some embodiments of the auto 
thermal reformer may combine counter-flow heat exchange 
elements to enhance heat transfer and energy efficiency of the 
autothermal reformer. 

FIG. 4 shows one embodiment of the autothermal reformer 
apparatus 400 of the present invention. Note that other auto 
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10 
thermal reformer apparatus are envisioned to be within the 
Scope of the present invention as long as they provide at least 
a reaction chamber with a coal source inlet, a water or steam 
inlet (which may or may not be common with the coal inlet), 
an air or oxidizing agent inlet, and a driver gas outlet. 

Referring to FIG.4, an autothermal reformer apparatus 400 
is shown having a reaction chamber 402, a coal-water slurry 
delivery pipe (fuel pipe) 404 for delivery of a mixture of coal 
and water, a driver gas outlet port (outlet port) 406 for release 
of produced driver gas 418, and an oxygen or other oxidizing 
gas inlet pipe (gas pipe) 408 for delivery of an oxidizing gas 
used in the combustion of the coal in the reaction chamber. 

Still referring to FIG. 4, the reaction chamber 402 is of 
Sufficient size and shape for autothermal reforming of coal. 
Different chamber geometries can be used as long as they 
constrain the autothermal reforming reactions and provide 
Sufficient chamber space to produce an amount of driver gas 
necessary at an oil extraction site. In the embodiment shown 
in FIG. 4, the fuel pipe 404 is coupled to the outlet port 406 to 
form a counter-exchange heat exchanger 412 so that the 
energy/heat from the exiting driver gas is transferred to the 
coal-water slurry entering the reaction chamber 402 via the 
fuel pipe 404. In addition, the fuel pipe 404 typically enters at 
a first or top end 414 of the reaction chamber 402 and releases 
the fuel toward the second or bottom end 416 of the reaction 
chamber 402. This configuration enhances heat release from 
the heated coal-water slurry into the contents of the reaction 
chamber 402. Release of fuel into the reaction chamber 402 
can be via an outlet 417 or other like device. The gas pipe 408 
is typically coupled to or adjacent to the fuel pipe 404 and 
releases the oxygen or other oxidizing gas adjacent to the 
release of the coal-water slurry 415. Note that other configu 
rations of coal and water delivery, oxygen or other oxidizing 
agent delivery, and driver gas release are envisioned to be 
within the scope of the present invention and are shown in 
FIG. 4 as an illustration of merely one embodiment. When in 
use, the reaction chamber of the autothermal reformer appa 
ratus is typically preheated to a temperature Sufficient to start 
the reforming reaction, i.e., approximately 500° C., and pref 
erably above approximately 800° C. Preheating may be 
accomplished by a reaction chamber integrated heating ele 
ment, aheating coil, an external combustorheating system, an 
internal combustion system, or other like device (not shown). 
The coal and water sources are fed into the reaction cham 

ber 402 via the fuel pipe 404. Note that once driver gas is 
produced in the reaction chamber 402, the coal-water slurry is 
heated prior to delivery into the reaction chamber 402 by the 
exiting driver gas (shown as arrow 418) via the counter-flow 
heat exchanger 412. At approximately the same time that the 
coal-water slurry is being delivered to the reaction chamber 
402, the oxygen or other oxidizing agent is being delivered to 
the reaction chamber via the inlet pipe 408. Various reformer 
chemical reactions are described below. 
Once the reforming reaction has been established within 

the reaction chamber 402, the reaction-chamber heating ele 
ment may be shut off to conserve energy. Note also that the 
amount of water combined into the coal slurry can be adjusted 
to control the reforming temperatures. 

While the example shown in FIG. 4 depicts coal and water 
being fed into the reactor together in the form of coal-water 
slurry, this is illustrative of only one embodiment. In other 
embodiments, shown in FIG. 5 and FIG. 6, coal and water 
may be fed into the reaction chamber through separate inlets. 
Also, in other embodiments, not shown, additional combus 
tible material. Such as natural gas, oil, or any other fuel may be 
fed into the reaction chamber (in addition to the coal) in order 
to facilitate initial system start-up or reactor temperature 
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maintenance. The use of Such additional fuel(s) may also be 
used to provide additional reforming reaction material or to 
change the hydrogen/carbon dioxide output ratio of the sys 
tem. All such embodiments are envisioned to be within the 
Scope of the present invention. 
Chemical Processes 

The generation of driver gas(es) will now be described, for 
example generating driver gas, i.e., a mixture of hydrogen 
(H), carbon dioxide (CO), and possibly other gases. The 
constituents of driver gas produced by embodiments of the 
present invention is determined by the reaction constituents 
and conditions as described below, but generally may include 
hydrogen gas, carbon dioxide gas, and mixtures thereof. 

Embodiments of the present invention provide processes 
for producing driver gas from the reforming of coal orderiva 
tives of coal. In alternative embodiments, other fuel sources, 
Such as liquid and/or gaseous hydrocarbons, alcohols, olefins, 
paraffins, ethers, and other like materials may be used, either 
together with coal or as an alternative to coal. Examples of 
other fuel sources that may be used in the reforming reaction 
include, but are not limited to, methanol, ethanol, propane, 
propylene, toluene, octane, diesel, gasoline, crude oil, natural 
gas, or wood. A similar reformer apparatus may be used to 
reform these other fuels. Such alternative fuel sources may 
also be used in place of coal in the combustion reactions of the 
present invention in order to provide the heat necessary to 
drive the reforming reaction. 
The driver gas may be generated by reforming any solid 

hydrocarbons (such as coal), which could be lignite, Sub 
bituminous, bituminous, anthracite, peat, and the like, with or 
without the addition of other fuels. The solid hydrocarbons 
may be used for the reforming reaction fuel, the combustion 
reaction fuel, or both. One advantage of utilizing solid hydro 
carbons, such as coal, as the primary fuel feedstock is the 
relative low price of coal and other solid hydrocarbons as 
compared to many liquid and gaseous fuels. 
The methods of the present invention are reproducible and 

easily performed in the portable inventive devices described 
herein. As a method of generating hydrogen, the processes of 
the present invention are Superior to electrolytic hydrogen 
generation, which require large amounts of electrical power 
and are typically non-portable. The processes of the present 
invention are also Superior to the production of hydrogen by 
cracking or pyrolysis of coal without the use of water because 
much more driver gas is produced for a given amount of coal 
consumed. 

The methods of the present invention use easily obtained 
fuel Sources such as coal, water, and atmospheric air. 

In more detail, the present invention provides reforming 
processes of coal or coal-derivatives to generate, for example, 
H, CO, and other gases. The coal reforming reactions of the 
present invention are endothermic, requiring an input of 
energy to drive the reaction toward coal reformation. 

In one embodiment, the energy required to drive the coal 
reforming reaction is provided through the combustion of any 
combustible material, for example coal, an alcohol, a refined 
petroleum product, crude petroleum, natural gas, or wood that 
provides the necessary heat to drive the endothermic steam 
reforming reaction. 

In another embodiments, the energy required to drive the 
reforming reaction is provided via any non-combustible 
Source sufficient to generate enough heat to drive the reform 
ing reaction to Substantial completion. Examples of non 
combustible sources include Solar, nuclear, wind, grid elec 
tricity, or hydroelectric power. 
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The present combination of reforming and combustion 

reactions may be performed within a portable reaction vessel, 
for example the devices described herein (see FIG.3 and FIG. 
4). This is in contrast to electrolytic hydrogen gas formation, 
which requires large amounts of electrical power and non 
portable machinery for the generation of the driver gas. 
The following reactions provide illustrative processes for 

reforming coal to produce driver gas used in the recovery of 
oil or other like materials. Several illustrative combustion 
reactions that provide the energy required to drive those 
reforming reactions are also provided. In one embodiment, 
shown as Reaction 1, a hydrogen and carbon dioxide rich 
driver gas is formed using coal and water sources. Note that 
the reforming reaction and combustion reaction can be per 
formed in separate reaction chambers (see FIG. 3) or can be 
combined and performed in a single reaction chamber (see 
FIG. 4). The following reactions illustrate a separation of the 
reforming and combustion reactions, however, as shown in 
FIG. 4 and discussed in greater detail below, an autothermal 
reforming reaction may be accomplished by directly reacting 
the coal with oxygen in a single reaction chamber. 

Separate chamber reactions (see FIG. 3): The reforming 
reaction for coal is shown in Reaction 1. 

C+2H2O->CO+2H2 AH=+40 kcal/mole Reaction 1: 

Reaction 1 comes with an AH of +40 kcal/mole. This 
means that this same amount of energy should be contributed 
by the combustion reaction to drive the reaction toward the 
formation of CO and H. Therefore, for a modest price in 
energy, coal may be reformed to form hydrogen and carbon 
dioxide gas. 

Coal reforming takes place at high temperatures, and there 
fore a catalyst is generally not needed. In alternative embodi 
ments, when a fuel other than coal is used, the reforming 
reaction may be performed in the presence of a catalyst, for 
example, when the reforming reaction fuel is methane com 
bined with water, the feed is passed over a nickel or ruthenium 
based catalyst attemperatures above approximately 400° C. 
(although better results may be obtained at higher tempera 
tures). That is, the reaction chamber in FIG. 4 could be pre 
pared with a nickel catalyst when the reformer fuel is meth 
a. 

The energy used to drive the reforming reaction is provided 
by either combustible or non-combustible sources. In some 
embodiments of the present invention, the energy is provided 
by combustion of a portion of the coal source. In other 
embodiments, another combustible material. Such as alcohol, 
petroleum, natural, wood, or other like material, is used. 
The combustion of a fuel Source Supplies the energy to 

drive Reaction 1. An illustrative combustion reaction is 
shown in Reaction 2. The combustion of coal with ambient 
oxygen releases AH of -92 kcal/mole: 

C+O->CO2 AH=-92 kcal/mole Reaction 2: 

Reaction 1 is endothermic, but is driven by the exothermic 
burning of coal as shown in Reaction 2. Accordingly, four 
units of Reaction 2 can drive nine units of Reaction 1, leaving: 

13C+18H2O+4O--> 13CO+18H AH=-8 kcal/mole Reaction 3: 

So, in the nearly energy-neutral Reaction (3), 156 kg of C 
produce 13 kmoles (10.6 kcf) of CO, and 18 kmoles (14.7 
kcf) of hydrogen. Thus, theoretically (not being bound by any 
particular theory), for purposes of this illustration, only about 
30% of the mass of coal is required to be burned to reform the 
rest of the coal via Reactions 1 and 2. It should also be noted, 
however, that while the burned coal provides no hydrogen, it 
does contribute carbon dioxide to the driver gas. This is a 
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Small price to pay given that the coal used in the reforming 
reaction is cheap, easy to store as a Solid and readily available, 
even in remote areas of the world. 

In general, the required energy to drive the coal reforming 
reaction may be furnished by burning modest fractions of the 
coal or by using an alternative fuel or other heating methods 
Such as nuclear, Solar or electric grid power. In each case, a 
much larger number of product molecules is produced than is 
burned or reacted, allowing a much larger amount of fuel to be 
driven out of the ground than must be used to obtain it. The 
driver gas consists of mixtures of hydrogen and carbon diox 
ide, neither of which will react with petroleum, and both of 
which can serve to reduce its viscosity and provide pressure to 
drive the petroleum from the ground. 

With regard to autothermal reforming, coal is directly 
reacted with oxygen in the presence of water. In alternative 
embodiments, to facilitate combustion of all of the coal, oxy 
gen gas, air, or other oxidizer materials, e.g., hydrogen per 
oxide, or nitrous oxide, is metered in an amount to react with 
all of the carbon contained in the coal. The thermodynamics 
of the autothermal chemical reactions with proper selection 
of operating temperature and pressure result in formation of 
Substantially only carbon dioxide and hydrogen gas. How 
ever, in use, Small amounts of water and other compounds 
may form by combustion of hydrogen or other byproduct 
reactions. Where air is used as the oxidizer, there will also be 
nitrogen left over which can serve as part of the driver gas. 
As an alternative to using coal as the fuel source for the 

reforming reaction, various other fuels, such as alcohols, 
petroleum, natural gas, etc. may be used as the fuel source for 
the reforming reaction. Reactions 4-9 illustrate several other 
reforming reactions using alternative fuel Sources that are 
also in accordance with the present invention. 

C2H5OH+3H2O->2CO+6H2 Reaction 4 (ethanol): 

CH8+6H2->3CO2+10H2 Reaction 5 (propane): 

CH+6H2O->3CO2+9H2 Reaction 6 (propylene): 

C7H8+14H2O->7CO+18H2 Reaction 7 (toluene): 

CH8+16H2O->8CO2+25H2 Reaction 8 (octane): 

CH+2H-->CO+4H, Reaction 9 (methane): 

Note that in general Reactions 1 and 4-9 (as well as other 
reforming reactions) result in large increases in the number of 
molecules of products compared to reactants, so all are ben 
efited by being performed under low pressure. In alternative 
embodiments, olefins, paraffins, aromatics (as found in crude 
petroleum), or crude petroleum itself may be used as the 
reforming reaction fuel source. 

Petroleum Extraction System 
As shown by Reaction 1, coal and steam may be reformed 

to generate carbon dioxide and hydrogen driver gas. Coal 
molecules contain carbon and hydrogen with varying 
amounts of Sulfur, nitrogen, and oxygen. Coal also contains 
variable amounts of moisture and inorganic mineral matter (a 
mixture of silicon, aluminum, calcium, magnesium iron, 
Sodium, potassium, and other oxides plus iron Sulfides). Thus, 
in order to utilize coal, some processing steps are needed to 
handle Solid feeds and the presence of Sulfur contaminants. 

For utility power generation, coal is usually prepared and 
shipped as approximately 2-inch top-size product. However, 
many coal producers ship coal of other particle sizes for 
industrial boilers, metal casting, and other applications. For 
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14 
driver gas applications, coal of approximately 1-inch or 
smaller top size is preferable as feed to the coal reformers. 
More specifically, the present invention provides for at 

least three possible coal-steam reformers, but is not limited to 
the three coal reformers described here. These include the 
fixed-bed reformer (FIG.5), the fluidized-bed reformer (FIG. 
6), and the entrained-flow reformer (not illustrated). The coal 
reformers increase in complexity in the order listed. The 
Solids-residue handling requirements also increase in com 
plexity in the same order. However, reaction rates also 
increase in the same order, leading to reduced equipment 
sizes for a given throughput. Each coal-steam reformer may 
be implemented as an indirect reformer configuration (as 
shown in FIG.3), or as an autothermal reformer configuration 
(as shown in FIG. 4). 

Table 1 shows important features that distinguish the three 
possible coal-steam reformers. Values are shown to illustrate 
relative differences in the reformer parameters. 

TABLE 1 

Operating parameters of various coal-steam reformers 

Fixed-Bed Fluidized-Bed Entrained-Flow 
Operating Reformer Reformer Reformer 
Parameter (FIG. 5) (FIG. 6) (not illustrated) 

Feed Particle Size approx.<1" approx.</A" approx. <0.1" 
Temperature approx. >700° C. approx. >800° C. approx. 

>1,200° C. 
Solids Retention greatest intermediate shortest 
Time 
Gas Retention longest shorter shortest 
Time 

All three coal-steam reformers operate at sufficient tem 
perature to eliminate catalyst requirements for steam reform 
ing. The fixed-bed and fluidized-bed reformers are able to 
accept coal of the delivered particle size. The entrained-flow 
reformer would require additional grinding or pulverizing of 
the coal after delivery to the oil site. 

In one embodiment of the present invention 500, depicted 
in FIG. 5, a portable self-contained fixed-bed coal-steam 
reformer 501 is used to generate driver gas for injection into 
the ground of an oil well. In the reaction chamber of the 
fixed-bed reformer, nearly all the feed and residue particles 
remain in reaction chamber 501 during reforming. Delivered 
coal 502 with a feed particle size of approximately less than 
1-inch is introduced into hopper 503. The coal 502 is then fed 
into fixed-bed reformer 501 through feeder 504. Combustion 
air or oxygen (shown as arrow 505) and steam (shown as 
arrow 506) are also fed into the fixed-bed reformer 501. In one 
embodiment, heat recovered from the reformer gas is directed 
into heat recovery unit 507. The heat can be sent to steam 
generator 510 to convert water (shown as arrow 508) into 
steam (shown as arrow 506). Alternatively, the heat can be 
used to generate electrical or mechanical power to drive com 
pressor 509 or other hardware at the oil site. 
The fixed-bed reformer can be fed and discharged in batch 

mode, semi-batch mode (incremental feeding and discharg 
ing of ash), or continuous mode. In the fixed-bed reformer, the 
inorganic matter (coarse ash) 514 remaining after steam 
reforming is largely handled in the form of coarser particles 
that can be removed from the bottom of the reactor. Smaller 
amounts of ash are entrained in the low velocity exhaust gas 
exiting the reformer. This fine ash 510 is removed through bag 
filter 512. Subsequently, the purified driver gas is pressurized 
in compressor 509 to generate pressurized driver gas (shown 
as arrow 511) that is injected into injection well 513. 
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In an alternative embodiment 600, depicted in FIG. 6, a 
portable fluidized-bed reformer 601 is used to generate driver 
gas for injection into the ground of an oil well. In the fluid 
ized-bed reformer 601, most particles remain in the reaction 
chamber, but finer particles are entrained with the exhaust 
gas. That is, compared to the fixed-bed reformer 501 of FIG. 
5, greater amounts offine particles are entrained in the higher 
Velocity exhaust gas (relative to the exhaust gas generated in 
the fixed-bed reformer) and must be removed prior to com 
pression of the driver gas. The coarsest of the entrained par 
ticles are removed from the gas stream and can be recycled to 
the reformer or discharged as residue. The remaining finest 
particles are removed by filtration. 

FIG. 6 illustrates an example of an embodiment of an oil 
recovery system utilizing the fluidized-bed reformer 601. 
Delivered coal 602 with a feed particle size of approximately 
less than 4-inch is introduced into hopper 603. The coal is fed 
into fluidized-bed reformer 601 upon opening of the rotary 
valve 604. In the fluidized-bed reformer, combustion air or 
oxygen (shown as arrow 605) and steam (shown as arrow 606) 
are also fed into the reaction chamber. It is noted that in the 
fluidized-bed reformer 601, continuous feeding with semi 
continuous discharge of coarser ash 607 is preferable. Inter 
mediate ash 608 in exhaust gas exiting the fluidized-bed 
reformer 601 is removed by cyclone separator 609 (to remove 
intermediate-sized particles) and bag filter 610 (to remove the 
finest particles of ash 611) prior to pressurization of the driver 
gas 617 in compressor 612 and injection into injection well 
613. The intermediate-sized particles separated by cyclone 
609 can be recycled to the fluidized-bed reformer 601 or 
removed as residue, depending on the extent of their conver 
sion during reforming. In one embodiment of the fluidized 
bed reformer 601, exhaust gas existing cyclone 609 enters 
heat recovery unit 614. The heat can be sent to steam genera 
tor 615 to convert water (shown as arrow 616) into steam 
(shown as arrow 606). Alternatively, heat recovered from the 
reformer 601 can be used to generate mechanical power to 
drive compressor 612 or other hardware at the oil site. 

In another embodiment of the present invention (not illus 
trated), a portable, entrained-flow reformer is used rather than 
a fixed-bed or fluidized-bed reformer. In an entrained-flow 
reformer, virtually all particles are removed with the exhaust 
gas Steam exiting the reformer. The feed particle size using 
the entrained-flow reformer is generally less than approxi 
mately 0.1-inch. Compared to the fixed-bed and fluidized-bed 
reformers, the entrained-flow reformer would require addi 
tional grinding or pulverizing of the coal after delivery to the 
oil site. Furthermore, with the entrained-flow reformer, the 
entire feed stream is entrained and removed from the reaction 
chamber at high velocity. Cyclone and filtration hardware 
similar to those of the fluidized-bed reformer are used, but 
removal capacities must be greater. 

In other embodiments of the present invention, (not illus 
trated in FIG. 5 or FIG. 6) a coal-water slurry may be used to 
provide both coal and water into the reformer in liquid form 
via a single feed system, as shown in FIG.3 and FIG. 4. 

In all coal-steam reformers described, the reformers oper 
ate at Sufficient temperature to eliminate catalyst require 
ments for steam reforming. Generally, the fixed-bed reformer 
may operate at temperatures above approximately 700° C. 
while the fluidized-bed reformer may operate attemperatures 
above approximately 800° C. The entrained-flow reformer 
may operate at temperatures in excess of approximately 
1200°C. These temperature ranges are illustrative only, and 
are not intended to limit the scope of the present invention. All 
coal-steam reformers may operate over temperature ranges 
other than those temperature ranges disclosed here. 
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The fixed-bed reformer 501 of FIG. 5 and fluidized bed 

reformer 601 of FIG.6 may be designed as illustrated in FIG. 
3 or FIG. 4. That is, the steam reforming of coal can be carried 
out using an indirect reformer, as in FIG.3, or a direct (“auto 
thermal') reformer, as depicted in FIG. 4. Indirect reforming 
requires heat exchange between the heat Source (coal com 
bustion, for example) and the reformer. Driver gas produced 
from indirect steam reforming results in a greater hydrogen: 
carbon dioxide ratio than driver gas produced from direct 
(“autothermal) reforming. It will be appreciated that the 
combustible material may be coal, or alternatively may be an 
alcohol, olefin, natural gas, oil, or other combustible source. 

Autothermal reforming eliminates the heat exchange 
requirement since partial combustion is performed in the 
reforming reaction chamber to generate heat. Using oxygen 
for the oxidizer, the autothermal reformer product gas is still 
a mixture of carbon dioxide and hydrogen, but the hydrogen: 
carbon dioxide ratio is lower than that for indirect reforming. 
Using air as the oxidizer, the autothermal reformer product 
gas is diluted with nitrogen. Both indirect and autothermal 
reforming using air or oxygen are valid methods for driver gas 
generation. Specifics of feed coal quality, capital costs, and 
driver gas requirements will lead to the optimum selection for 
each enhanced oil recovery application. 

Illustrative coal reformers have been described and shown 
here. However, the present invention is not limited to these 
coal reformer configurations, and other coal reformers are 
within the scope of the present invention. 
Sulfur Removal 

Because steam reforming of coal is performed without 
catalyst, reforming catalyst poisoning by Sulfur compounds is 
not an issue. In cases where a low-sulfur coal feed is used, 
Sulfur clean up of the exhaust gas may not be required at all. 
In the event of potential issues with corrosion caused by 
Sulfur-containing gases in combination with any residual 
moisture, several Sulfur treatment and removal methods are 
possible. 
Dry sorbents may be used to capture sulfur in the exhaust 

gas. Calcium oxide, magnesium oxide, and sodium carbonate 
are example dry sorbents that are capable of trapping Sulfur 
gases in Solid form (as Sulfates or Sulfites, depending on the 
relative oxidation conditions). When the operating tempera 
ture and pressure permit effective Sulfur capture, Sorbent can 
be added in a coarse form with the coal feed to fixed- or 
fluidized-bed reformer configurations. The resulting sulfur 
containing product can then be removed from the reaction 
chamber with the ash remaining after reforming. Alterna 
tively, a finer Sorbent can be injected into the gas down stream 
of the reactor. Sulfur containing solids can then be collected 
in the cyclone or bag filter. For the entrained-flow reformer 
configuration, a sorbent will likely perform better by injection 
into partially cooled gas down stream of the reformer. 

In large-capacity reformer configurations, a dry sorbent 
may be injected in a separate unit down stream of the finalash 
particulate filter. The sulfur product can then be collected 
separately in another filter and can potentially be sold as a 
product for additional revenue. 

In other embodiments, sulfur may also be removed by 
using a wet scrubber sub-system. Wet scrubbers can be con 
figured in Venturi, packed-column, or tray-type systems in 
which the cooled gases are contacted with a scrubbing solu 
tion or slurry. The resulting scrubber solution or slurry must 
then be disposed. 
Hydrogen-Carbon Dioxide Gas Separation 

According to the present invention, a portable, highly eco 
nomic CO and H2 generation system is created which 



US 7,654,330 B2 
17 

enables enhanced oil recovery to be conducted wherever the 
candidate oil field may be. The CO, and H are generated 
from coal, a highly economical fuel Source and one that is 
often readily available at or near typical oil sites. The CO 
generated in the present invention may be injected into an oil 
well for enhanced oil recovery. The present invention also 
generates large Supplies of hydrogen, which may be used to 
enhance underground oil recovery in a similar fashion to CO. 
(as described above), or alternatively split off from the CO, 
product to be used for other purposes, including electrical 
power generation or petrochemical hydrogenation. Depend 
ing upon factors such as the particular composition of the 
underground oil, as well as the local cost of electrical power, 
the user of the present invention may find it advantageous to 
use the hydrogen in different proportions for these various 
purposes. 

Hydrogen gas may be mixed with the carbon dioxide gas 
and injected into the oil well. Alternatively, the hydrogen may 
be separated from the carbon dioxide. The hydrogen gas may 
be injected into the oil well, followed by injection of the 
carbon dioxide gas. Alternatively, the carbon dioxide gas may 
be injected first, followed by injection of the hydrogen gas. 

In an alternative embodiment, the hydrogen gas may be 
sold to the petrochemical, or other industry. In the future, it 
may also be sold as a fuel for hydrogen-electric cars. Alter 
natively, the hydrogen may be burned, using for example a 
gas turbine, to generate electricity. The electricity may be 
used to provide power for various operations of the oil site. 
Alternatively, the electricity may be sold to utility companies 
by feeding the electricity into the electric grid. 

Various techniques may be used to separate hydrogen gas 
from carbon dioxide gas. In one embodiment, hydrogen 
carbon dioxide separation may be performed using mem 
branes. The membranes separate molecules based on their 
relative permeability through various materials that may 
include polymers, metals, and metal oxides. The membranes 
are fed at elevated pressure. The permeate is collected at 
lower pressure while the retentate is collected at a pressure 
close to the feed pressure. 
A membrane separation technique that may operate in 

conjunction with reactions at elevated temperature is the pal 
ladium membrane. This membrane, which may be fabricated 
using palladium alone or in combination with modifiers, 
allows only hydrogen to permeate. This type of membrane 
when operated in a catalytic reactor, such as in a steam 
reformer, enhances yield by removing a reaction product 
from the reaction Zone. Some variants are capable of opera 
tion at up to 900° C. 

Another membrane separation method that may be used is 
a high-temperature polymer membrane. This type of mem 
brane is directed toward CO separation and recovery. A poly 
meric-metal membrane of this type can operate at up to 370° 
C. (versus typical maximum polymer membrane tempera 
tures of about 150° C.), thus potentially improving process 
energy efficiency by eliminating a pre-cooling step. 

In another embodiment, pressure Swing adsorption (PSA) 
may be used for hydrogen-carbon dioxide gas separation. 
PSA separates carbon dioxide by adsorption onto molecular 
sieves or hydrotalcite at elevated pressure. Hydrogen does not 
absorb and is therefore collected at high concentration at the 
outlet. APSA system contains at least two sorbent columns so 
that while one is in absorption mode, the other is in desorption 
mode. Reducing pressure and/or heating desorbs the carbon 
dioxide collected on the column. The PSA techniques are 
designed to produce nearly pure hydrogen while collecting 
CO, CO, CH, and other gases in a separate stream. 
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In yet another embodiment, carbon dioxide may be sepa 

rated from hydrogen by Scrubbing in an amine solution. This 
technique may be used to remove carbon dioxide (and hydro 
gen Sulfide) from the driver gas and may also be used for CO 
recovery from flue gas from the combustion reaction. 

Finally, in yet another embodiment, regenerable sorbents 
may be used to separate hydrogen gas from carbon dioxide 
gas. In one example of a low-cost regenerable sorption 
method, a sodium carbonate Sorbent is used. The sodium 
carbonate Sorbent operates cyclically, by absorbing at about 
60° C. and regenerating at about 120° C. 
Electrical Power Generation 

The present invention may also be configured as a modular 
system, which may include all or part of the following set of 
components: a chassis, a fuel reformer, a gas separator, a 
compressor, heat exchangers, a power generator, a control 
system, and a gas capture Sub-system. These components 
may be mixed and matched depending on the particular appli 
cation, the requirements of a particular user, or the conditions 
of a particular oil field. These components are described in 
detail throughout this disclosure, and in particular in greater 
detail below. 

A chassis for Supporting the Sub-systems is provided. The 
chassis may be attached to an appropriate method of trans 
portation, such as a truck, boat, or aircraft. The chassis, car 
rying the various modules, may be mounted or carried upon 
any number of different vehicles. The chassis may have one or 
more wheels, or it may have no wheels and may instead rely 
on the wheels of the vehicle. This configuration makes the 
system highly portable, and allows it to be easily transported 
to the location of any oil well, including offshore and remote 
wells. 

A coal reformer module, capable of reacting coal with 
water to produce a mixture of CO and hydrogen gas, sized to 
an output rate appropriate for enhanced oil recovery opera 
tions, is provided. Depending upon the availability and cost of 
local coal types, the reformer may be designed to operate with 
various candidate coal feed Stocks, including Western coal, 
which has a large water-content. The coal reformer may be 
designed as a fixed-bed reformer, a fluidized-bed reformer, an 
entrained-flow reformer, or another design altogether. The 
coal reformer may be designed in a direct reforming configu 
ration, or an indirect (“autothermal) reforming configura 
tion. Examples of the design of Such coal reformers are dis 
cussed above. 

A set of heat exchangers, designed to maximize the thermal 
efficiency of the reformer system, are provided. The heat 
exchangers were discussed above in relation with the fuel 
reformers of FIGS. 3 and 4. 

A gas separator module, capable of separating the CO 
from the hydrogen gas, is provided. This module gives an 
operator of the present invention a choice of how much hydro 
gen to send underground with the CO, and how much to 
retain for Surface utilization. Candidate separator systems 
include sorption beds, CO2 freezers, membranes, and cen 
trifugal separators, as described above. 
A compressor module, capable of compressing the driver 

gas to a pressure appropriate for oil recovery, is provided. The 
compressor is capable of sending the CO as well as a portion 
of the hydrogen intended for underground use, deep into the 
well for use in oil extraction. The compressor may be effec 
tively explosion proof. This can be accomplished by using an 
explosion-proof pump, or alternatively by housing a pump 
that is not rated explosion-proof within a container that pro 
vides an inert environment. 



US 7,654,330 B2 
19 

Various types of compressors may be used to compress the 
driver gas before injection into the oil well. In one embodi 
ment, a compressor may be used that operates using electric 
motors to provide the proper rotation speed and power input. 
In other embodiments, air-driven motors may be used. In yet 
other embodiments, a direct mechanical linkage to the power 
generator may be provided, as described below. 

In some embodiments, compressors for CO and/or H2 are 
based on lubricated or non-lubricated rotary, centrifugal, or 
reciprocating designs. These systems typically use seals 
around rotary or reciprocating shafts. In other embodiments, 
a compressor for driver gas may be based on a metal dia 
phragm design. In these embodiments, the compressor is 
designed so that no lubricant or coolant comes in contact with 
the driver gas. Only the metal diaphragm and elastomer seals 
contact the driver gas. 
A power generator module, capable of utilizing the hydro 

gen product separated by the gas separated to generate elec 
tricity, is provided. The power generator may be a gas turbine, 
an internal combustion engine, a fuel cell system, or any other 
apparatus or system that can generate power (electrical or 
mechanical or other) from hydrogen gas. On-site powergen 
eration may be used to Support driver gas production pro 
cesses as well as driver gas compression and injection. In 
Some driver gas production scenarios, an excess of power is 
available and could be fed through the electrical power grid to 
generate additional revenue. 
The power generator module may be a combustion turbine, 

a steam turbine, or a combination of the two. In a combustion 
turbine, hydrogen is fed with air to generate power through a 
rotating shaft. In a steam turbine, a variety of fuels may be 
used, including a portion of the hydrogen separated from the 
carbon dioxide, part of the coal or other feedstock material, or 
even waste hydrocarbon gases. The fuel is burned in air in a 
combustion chamber to generate heat. The heat is transferred 
to a closed-loop steam/water system through a series of heat 
exchangers designed to recover the combustion heat. The 
high-pressure steam drives a turbine for power generation. 
The combustion turbine and steam turbine may be integrated 
to boost efficiency. The combustion and steam turbine shafts 
are conventionally connected to generators to produce elec 
trical power. However, they may be used to produce mechani 
cal power from the turbine shaft (for direct drive of the gas 
compressor, for example, see above). 
A control module, capable of controlling the operation of 

the system both automatically and with user-input, is pro 
vided. The control module may use Subsurface data to auto 
matically regulate the operation of the system via feedback 
control. This allows the system to operate with minimal 
human Supervision or labor. The Subsurface data may include 
total pressure, partial pressure of carbon dioxide, partial pres 
Sure of hydrogen, temperature, and/or viscosity of the oil. The 
control module may also include a set of controls for user 
control of the system. 
A gas capture module, capable of re-capturing a portion of 

the driver gas and recycling the driver gas, is provided. The 
gas capture module allows the CO and hydrogen that is 
released with the oil emerging from the ground to be re 
captured and sent via the compressor module underground 
for reuse. The gas capture module increases the overall effi 
ciency of the oil recovery operation, because a portion of the 
generated driver gas is recycled and reused. 
The above components may be mixed and matched by the 

user of the present invention in appropriate combinations 
based on local conditions and market prices. For example, if 
the oil site has a high power requirement, or the local cost of 
electricity is high, the H gas may be separated from the CO 
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using a gas separator as described above, and the H may be 
burned in a gas turbine to generate electricity. The electricity 
may be either used onsite to provide powerfor the oil field, or 
else sold to an electric distribution company by feeding the 
electricity into the electric grid. Therefore, a portable and 
modular system is created for enhancing oil recovery wher 
ever a candidate oil field may be. 

FIG. 7 illustrates one example of an embodiment 700 of the 
present invention for extracting oil from an oil well and for 
generating electricity. This example is illustrative only, and is 
not intended to limit the scope of the present invention. Pro 
cessed, desulfurized coal 702 and water 704 are fed into coal 
reformer 706. The coal and water may also be fed pre-mixed 
as coal-water slurry. Generated driver gas, which may include 
CO, H, as well as other gases, are fed into gas separator 708, 
which separates a portion of the hydrogen gas from the other 
driver gases. A portion of the separated hydrogen gas is fed 
into power generator 710, which could be a gas turbine, to 
generate electricity. A portion of the electricity is fed into the 
electric grid 712. A portion of the electricity is used on-site, to 
provide power to various modules, such as the compressor 
714. 
The rest of the driver gas is compressed by compressor 714 

for injection into injection well 716. The driver gases, includ 
ing the carbon dioxide as well as potentially a portion of the 
hydrogen gas, and potentially other gases (such as N2), pres 
surize the underground petroleum formation 718 and reduce 
its viscosity. The crude oil 724 is more amenable to recovery 
by oil recovery head 722 via production well 720, or other like 
site. 

FIG. 8 illustrates an example of operations for extracting 
oil from an oil well and generating electricity, in accordance 
with the embodiment of FIG. 7. Process 800 begins in step 
802. A portable/modular coal reformer according to the 
present invention is brought to an oil field, as shown in step 
804. An existing production well is converted to an injection 
well and/or a new injection well is drilled, as shown in step 
806. Driver gas, comprising CO., H2, and/or other gases is 
generated from coal or a derivative of coal using the portable 
coal reformer, as shown in step 808. A portion of the Higas is 
separated from the rest of the driver gas, as shown in step 810. 
Using a portion of the separated H gas, electricity is gener 
ated, as shown in step 812. The electricity may be used locally 
and/or fed into the electric grid for additional revenue. A 
portion of the driver gas intended for underground use is 
compressed to an appropriate pressure, as shown in step 814. 
A portion of the compressed driver gas is injected into the 
injection well, as shown in step 816. Oil is recovered from the 
same injection well ("Huff-and-Puff) and/or another pro 
duction well, as shown in step 818. Optionally, a portion of 
the driver gas emerging with the oil from the oil well is 
re-captured for reuse underground, as shown in step 820. The 
process 800 ends at step 822. 

Therefore, according to one embodiment of the present 
invention, electricity is generated from coal without emitting 
any carbon dioxide into the atmosphere. In countries and 
states that impose tax penalties on CO emissions, this envi 
ronmental benefit may contribute to a significant economic 
benefit as well. 

This is but one system configuration that is possible utiliz 
ing the modular components of the present invention, and the 
present invention is not limited to this particular configura 
tion. For example, an operator who does not wish to generate 
electricity, and/or an operator who wishes to use all of the 
hydrogen gas along with the carbon dioxide gas for enhanced 
oil recovery, would not use a gas separator or power generator 
module, but would still use a coal reformer and a compressor. 



US 7,654,330 B2 
21 

As another example, an operator who wishes to operate a 
hydrogenation plant near the oil well may chose to use a gas 
separator module to separate the hydrogen, but may chose not 
to use a power generator module. Such an operator would still 
use the other modules, and would feed the separated hydro 
gen gas to the hydrogenation plant. 

Scale of Operations 
The scale of the present invention is simultaneously por 

table and also sized to generate Sufficient driver gas for eco 
nomic recovery of oil. For example, consider a near-depleted 
oil well that presently generates 1 barrel of oil per day. Estab 
lished industry guidelines estimate 1 additional barrel of oil 
recovered for every 5,000 to 10,000 standard cubic feet (5-10 
kcf) of CO, injected into a near-depleted oil well. (A value of 
10kcf of CO per barrel of oil recovered will be used hereafter 
as a conservative estimate.) Therefore, in order to bring the 
capacity of the near-depleted oil well up from 1 Ba/day to 100 
Ba/day, the present invention should be sized to generate 
approximately 1,000,000 standard cubic feet (1,000 kcf) of 
CO per day. That is, in one embodiment of the present inven 
tion used for enhanced oil recovery in an oil field producing 
100 barrels per day, an embodiment of the present invention 
should be sized to produce an output of CO gas on the order 
of one million cubic feet per day (1 MMcf/day). 

However, the present invention is by no means limited to an 
apparatus that produces CO at a rate of 1 MMcf/day. For 
example, if an oil well is expected to produce 10 Ba/day, an 
embodiment of the present invention may be sized to produce 
an amount of CO equal to approximately 100,000 standard 
cubic feet (100 kcf) per day. Alternatively, if an oil field is 
expected to produce 1,000 Ba?day, an embodiment of the 
present invention may be sized to produce an amount of CO 
equal to approximately 10 million standard cubic feet (10 
MMcf) per day. Since the volume of the reaction chamber, 
and hence the volume of CO produced, grows as the cube of 
the linear dimension of the reaction chamber, an apparatus 
that produces 10 times the amount of CO would have a linear 
footprint increase of approximately 2.2 (cube-root of 10). 
That is, an apparatus sized to produce 10 MMcf/day of CO 
would only be sized about two times larger in each linear 
dimension (or four times the footprint area) than an apparatus 
designed to produce 1 MMcf/day of CO. 

Alternatively, an operator of an oil field may chose to 
utilize two or more smaller reformer modules in place of a 
larger reformer module. For example, consider an operator of 
an oil field described above producing 100 Ba?day. Such an 
operator needs approximately 1 million cubic feet of CO per 
day (1 MMcf/day). Instead of utilizing one large reformer 
module, an operator may chose to utilize four (4) Smaller 
reformer modules, each sized to produce 250,000 cubic feet 
of CO per day (250 kcf/day). One potential advantage of 
utilizing four Smaller reformer modules instead of one large 
reformer module is the ability to space the four reformer 
modules easily around a single well. Another potential advan 
tage of utilizing multiple Smaller reformer modules over a 
large reformer module is the greater flexibility in transporta 
tion of the smaller modules. Finally, another potential advan 
tage of utilizing multiple Smaller reformer modules is the 
standardization and economies of scale that are possible in 
manufacturing a unit of standardized size which is replicated 
for larger operations. 

Therefore, based on the above analysis, it is apparent that 
an apparatus according to the present invention may be pro 
duced/manufactured for any appropriate oil well and/or oil 
field size at only a small incremental increase in production/ 
manufacturing cost. Therefore, the present invention is a 
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highly economical, highly portable, and highly modular 
apparatus that may be customized to an oil well and/or oil 
field of any size. 
As shown below, the amount of hydrogen produced by 

reforming sufficient coal to produce 1 MMcf/day of carbon 
dioxide driver gas is also sufficient to produce about 2 Mega 
watts (MW) of electric power. This is a convenient size to feed 
meaningful amounts of electricity into an electric power grid 
to Support growth of demand faced by power companies in a 
modular fashion, without the need for massive investment in 
new, large-scale (~1000 MW) facilities. Thus, the mass pro 
duction and deployment of the present invention could be 
potentially very attractive to utility companies, allowing them 
to meet their customer's demand for increased Supply, with 
out the risk of major investments in large facilities, while 
receiving their power from a constant, regularly-available, 
carbon-emission-free source. This is in contrast to Supple 
menting utility power with wind turbines, Solar cells, and the 
like, whose power, while also carbon-emissions-free, is only 
available on an intermittent, irregular basis. 

Various alternative sizes may be attractive. Therefore, the 
present invention may be sized appropriately, and any men 
tion of particular sizes in this description is illustratively of 
but a few particular embodiments of the present invention, 
and is not meant to limit the scope of the present application 
to any particular size described. 
Economics of Driver Gas Production 
As discussed in greater detail throughout the present dis 

closure, the reforming of coal is provided for production of 
driver gas used in the extraction of oil from the ground or from 
an oil Well. In one embodiment, the generated drivergas, e.g., 
hydrogen-rich gas, is used for recovering materials from cur 
rently economically non-viable resources, including extract 
ing oil trapped in depleted wells, liquefying oil shale, and 
forcing out methane trapped in coal beds. Currently there are 
tens of thousands of depleted oil wells all over the world, 
which collectively possess billions of barrels of petroleum 
resources that cannot conventionally be extracted by eco 
nomic means. 
The driver gas of the present invention is injected into the 

ground, where it softens highly viscous petroleum residues 
and displaces and mobilizes them for economic recovery. 

These uses compare with the use of stored compressed 
gases as driver gas at an oil well recovery site. However, Such 
gases are normally transported at very high pressures (2.200 
psi) and in very heavy gas bottles (e.g., K-bottles, weighing 
approximately 55 kg each with, for example, only 0.6 kg of 
hydrogen). Using easily transported coal to perform Reac 
tions 1 and 2 allows the production of a high hydrogen and 
carbon dioxide concentration driver gas. In this sense, gas 
generation for use in the field provides a significant cost 
benefit over conventional methods for providing driver gas. 
The following example is provided by way of illustration 

and is not intended as limiting. An oil recovery estimate of a 
typical embodiment of the present invention is provided 
herein. 
The processes of the present invention produce significant 

quantities of CO. While the yield from CO Enhanced Oil 
Recovery (EOR) techniques varies depending upon the res 
ervoir in question, it is generally taken in the industry that 
where conditions are appropriate for the technique, yields of 
about 1 barrel of oil per 5,000 to 10,000 standard cubic feet 
(5-10 kcf) of gaseous CO can be expected. (For a conserva 
tive estimate, the following discussion will assume 1 barrel of 
oil per 10 kcf CO.) For this reason, CO2 EOR is generally 
viewed as a viable method to use under conditions where CO 
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can be obtained at a cost of S2/kcfor less (i.e., the cost of CO 
is less than approximately $20/bbl of oil recovered.) Unfor 
tunately, currently CO Supplies are only available at Such 
costs if the oil field in question is situated a comparatively 
short distance from either natural CO reservoirs or large 
scale artificial CO sources such as coal-fired power plants, 
ethanol plants, or steel mills. This situation leaves most oil 
fields that could otherwise be good candidates for CO2 EOR 
stranded out of reach of effective economic recovery. 
As recognized by the present inventors, the present inven 

tion is a modular, highly portable apparatus/system that may 
be taken wherever an oil site may be located. Therefore, the 
present invention provides CO at an economic cost at the oil 
site. As an example demonstrating the potential economic 
utility of the present invention, consider the case of a unit 
according to the present invention whose owner-operator 
decides to use the entire CO product for EOR, while direct 
ing all of the hydrogen for power generation. In this example, 
the owner-operator uses coal as in reforming Reaction 1 and 
2 at an oil field where coal is readily and cheaply available, as 
is often the case at oil sites. 

In the nearly energy-neutral Reaction (3), 156 kg of C 
produce 13 kmoles (10.6 kcf) of CO, and 18 kmoles (14.7 
kcf) of hydrogen. 
A typical price for coal is S30/tonne, or S0.03/kg. At this 

price, the 156 kg of C would cost about $4.68. But since this 
is producing 10.6 kcf of CO, the cost in feedstock per kcf of 
CO produced is $0.44/kcf, well below the approximately 
S2/kcf industry benchmark for economic CO-EOR. 

However, in addition, the apparatus according to the 
present invention also generates 18 kmoles (14.7 kcf) of 
hydrogen. The hydrogen may be used with the carbon dioxide 
in enhanced oil recovery as described in greater detail above. 
Alternatively, the hydrogen gas may be separated, and used 
separately from the carbon dioxide gas and burned in, for 
example, a gas turbine, to generate electricity. 

Assuming the hydrogen gas is burned in a gas turbine to 
produce electricity in accordance with Reaction 10: 

H+/3O->H2O AH=-66 kcal/mole Reaction 10: 

Reaction 1 produces 18 kmoles of hydrogen, which trans 
lates to 1,188,000 kcal=4,989,600 kJ=1386 kWh of energy. 
Assuming a thermal-to-electrical conversion efficiency of 
33%, this equals 462 kWh of energy. At a typical electricity 
price of S0.10/kWh, this amount of energy is worth S46.20. 
(kWh kilowatts per hour, a standard unit of energy used by 
utility companies.) 

Therefore, by using the present invention, an operator 
transformed S4.68 worth of coal into S46.20 worth of elec 
tricity plus an amount of CO worth $21.20 at the standard 
EOR acceptable rate of S2/kcf, and which can be used to 
recover 1.06 barrels of oil, worth S63.60 at a typical expected 
oil price of S60/bbl. Taken together, the value of the electricity 
together with that of the recovered oil amounts to S109.80, or 
about 23.5 times the S4.68 worth of coal consumed in the 
process. 

It should be noted that this is a worst-case scenario for the 
operation of the present invention, because by being burned 
for electricity, the 18 kmoles of hydrogen yield a lower mon 
etary return than the 13 kmoles of CO. If the hydrogen can be 
used with equal effectiveness as CO as a means of driving oil 
out of the ground, instead of producing $46.20 worth of 
electricity, the hydrogen would yield S88.06 worth of oil, for 
a total return of S151.66, or 32.4 times the value of the coal 
consumed. 
Of course, the operator of the present invention will have 

other costs besides coal, including capital equipment, labor, 
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taxes, insurance, etc., but as shown by the analysis below, 
provided these and other normal business matters are handled 
effectively, the potential for profit from such a system could 
be quite large. 

Profit would be enhanced furtherif some of the CO, and/or 
He used to recover oil can be recaptured and recycled after the 
oil is brought to the surface. Effective use of such techniques 
would make many fuels much more expensive than coal 
highly attractive for utilization in the present invention. It will 
be appreciated that in the above example, power is being 
produced without the emission of any CO into the atmo 
sphere. As a result of widespread concern over global warm 
ing, proposals are being considered to create taxes on CO 
emissions, with typical figures mentioned in the range of 
S50/tonne CO released. This is equivalent to a tax on coal use 
of S14/tonne, roughly 47% of the cost of typical coal. The 
present invention would allow coal to be burned to produce 
power without incurring such penalties. 

Considering the figures from the above example, if 156 
kg/day of coal produce 10.6 kcf of CO and 14.7 kcf of 
hydrogen, then 14,716 kg of coal per day will be needed to 
supply 1 MMcf of CO., as well as 1.39 MMcf of hydrogen 
(MMcf million cubic feet). 
Assuming an oil yield of 1 barrel/10 kcf of CO., such an 

operation could be expected to recover 100 barrels/day, for a 
cash value at $60/bbl of $6,000. The hydrogen will yield 
43,585 kWh of electricity, for a total sales value at $0.10/kWh. 
of S4,358/day, and an output power level of 1,816 kW. At 
S30/tonne, the cost of the coal to feed the apparatus of the 
present invention will be just S441/day. (kW-kilowatt; 
kWh kilowatts per hour.) 

Thus the total gross income generated by a system accord 
ing to the present invention would be S10.358/day, or about 
$3.8 million per year. Coal costs will be about $160,000 per 
year. Assuming a payroll of $400,000/year for a five-man 
operating crew, plus $200,000 per year to make interest and 
principal payments on a total plant and equipment valued at 
S2 million, plus another $240,000 per year to cover other 
costs, a total overhead budget of S1 million/year is obtained. 
Therefore, net profit from system operations according to the 
principles of the present invention would be about $2.8 mil 
lion/year. 

This economic analysis illustrates that driver gases gener 
ated by the present invention may be profitably used to extract 
oil from underground or underwater sources, such as depleted 
oil wells, while also producing further profit through the 
production of electricity without net carbon dioxide emis 
sions. This economic analysis is illustrative only, and is not 
intended to limit the scope of the present invention. Various 
economic parameters, assumptions, and conditions will 
affect the economic analysis in various ways. However, the 
present invention is intended to operate under all Such eco 
nomic conditions. 

While the methods disclosed herein have been described 
and shown with reference to particular operations performed 
in a particular order, it will be understood that these opera 
tions may be combined, sub-divided, or re-ordered to form 
equivalent methods without departing from the teachings of 
the present invention. Accordingly, unless specifically indi 
cated herein, the order and grouping of the operations is not a 
limitation of the present invention. 

While the present invention has been particularly shown 
and described with reference to embodiments thereof, it will 
be understood by those skilled in the art that various other 
changes in the form and details may be made without depart 
ing from the spirit and scope of the present invention. 
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What is claimed is: 
1. A portable oil recovery apparatus for Substantially reju 

Venating a near-depleted oil well, comprising: 
a portable coal reformer adapted to steam reform a quantity 

of coal with a quantity of water to generate driver gas 5 
comprising hydrogen gas, carbon dioxide gas, and car 
bon monoxide gas, wherein Sufficient water is provided 
to ensure a substantial majority of the coal is converted 
directly into carbon dioxide gas and hydrogen gas in a 
single step; 10 

a gas separator module having a hydrogen outlet and a 
carbon dioxide outlet, operatively coupled to the por 
table coal reformer and adapted to separate at least a 
portion of the carbon dioxide gas from the driver gas; 

a power generator module having a hydrogen inlet opera 
tively coupled to the hydrogen outlet of the gas separator 
module, and adapted to generate electric power using the 
hydrogen gas received from the gas separator module 
via the hydrogen inlet, 

a compressor module having a carbon dioxide inlet opera 
tively connected to the carbon dioxide outlet of the gas 
separator module and adapted to compress the carbon 
dioxide gas separated by the gas separator module to a 
pressure appropriate for the near-depleted oil well; and 

a carbon dioxide output on the compressor module adapted 
to eject the compressed carbon dioxide gas out of the 
portable apparatus and into the near-depleted oil well. 

2. The apparatus of claim 1, wherein a Substantial portion 
of the carbon dioxide gas is injected into the near-depleted oil so 
well, thereby allowing oil to be recovered from the near 
depleted oil well while generating electricity with low carbon 
dioxide emissions. 

3. The apparatus of claim 1, further comprising: 
a filter module, operatively coupled to the portable coal 35 

reformer and positioned between the portable coal 
reformer and the gas separator module, and adapted to 
remove particles from the driver gas produced by the 
portable coal reformer before the driver gas is separated 
by the gas separator module. 40 

4. The apparatus of claim 1, further comprising: 
a heat recovery module operatively connected to the por 

table coal reformer and adapted to recover a portion of 
heat released by the portable coal reformer. 

5. The apparatus of claim 1, further comprising: 45 
a steam generator module adapted to convert water into 

steam, wherein the steam generator module is posi 
tioned adjacent to the power generator module Such that 
heat from the power generator module is used to convert 
water into steam entering the portable coal reformer. 

6. The apparatus of claim 1, further comprising: 
a hopper operatively connected to an inlet on the portable 

coal reformer and adapted to feed the coal into the por 
table coal reformer. 

7. The apparatus of claim 1, wherein the coal and the water 
are mixed to create coal-water slurry that is fed via an inlet to 
the portable coal reformer. 

8. The apparatus of claim 1, wherein the portable coal 
reformer is a fixed bed reformer. 60 

9. The apparatus of claim 1, further comprising: 
a reaction chamber for reacting a quantity of oxygen with 

a combustible material, wherein energy released from 
combustion of the oxygen and the combustible material 
in the reaction chamber is used to heat the portable coal 65 
reformer in order to reform the coal and the water in the 
portable coal reformer into the driver gas. 
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10. A method for substantially rejuvenating a near-de 

pleted oil well, comprising: 
providing a portable coal reformer at a site of the near 

depleted oil well; 
feeding a quantity of coal and a quantity of water into the 

portable coal reformer; 
steam reforming the coal and the water in the portable coal 

reformer to generate a driver gas comprising a mixture 
of hydrogen gas, carbon dioxide gas, and carbon mon 
oxide gas, wherein Sufficient water is provided to ensure 
a substantial majority of the coal is converted directly 
into carbon dioxide gas and hydrogen gas in a single 
step; 

separating the drivergas into a substantially carbon dioxide 
gas stream and a substantially hydrogen gas stream; 

generating power using the hydrogen gas stream; 
compressing the carbon dioxide gas stream to a pressure 

appropriate for the near-depleted oil well; 
injecting the compressed carbon dioxide gas stream into 

the near-depleted oil well; and 
recovering oil from the near-depleted oil well, thereby 

rejuvenating the near-depleted oil well. 
11. The method of claim 10, wherein a substantial portion 

of the carbon dioxide gas is injected into the near-depleted oil 
well, thereby allowing oil to be recovered from the near 
depleted oil well while generating electricity with low carbon 
dioxide emissions. 

12. The method of claim 10, further comprising: 
purifying the driver gas by filtering particles from the 

driver gas exiting the portable coal reformer. 
13. The method of claim 12, further comprising: 
recycling intermediate-sized particles into the portable 

coal reformer. 
14. The method of claim 10, further comprising: 
adding a quantity of oxygen to the portable coal reformer; 
reacting the oxygen with a combustible material in the 

portable coal reformer; and 
reforming the coal and the water in the portable coal 

reformer utilizing energy released from combustion of 
the oxygen and the combustible material. 

15. The method of claim 10, further comprising: 
reacting a quantity of oxygen with a combustible material 

in a separate reaction chamber; and 
reforming the coal and the water in the portable coal 

reformer utilizing energy released from combustion of 
the oxygen and the combustible material in the separate 
reaction chamber. 

16. The method of claim 15, wherein the combustible 
material is coal or a derivative of coal. 

17. The method of claim 10, further comprising: 
removing Sulfur from the driver gas exiting the portable 

coal reformer. 
18. The method of claim 10, further comprising: 
converting water into steam by recycling heat released by 

the hot driver gas exiting the portable coal reformer. 
19. The method of claim 10, further comprising: 
converting water into steam by utilizing heat released from 

the power generation step before feeding the steam into 
the portable coal reformer. 

20. A portable apparatus for Substantially rejuvenating a 
near-depleted oil well, comprising: 

transportation means for transporting the portable appara 
tus to the near-depleted oil well; 

reformation means for reforming a quantity of coal with a 
quantity of water to generate driver gas, the driver gas 
comprising hydrogen gas, carbon dioxide gas, and car 
bon monoxide gas, wherein Sufficient water is provided 
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to ensure a substantial majority of the coal is converted 
directly into carbon dioxide gas and hydrogen gas in a 
single step; 

separation means for separating a portion of the carbon 
dioxide gas from the driver gas, the separation means 
operatively connected to the reformation means; 

power generation means for generating power using the 
hydrogen gas, the generation means operatively coupled 
to the separation means; 

pressurization means for pressurizing the carbon dioxide 
gas to a pressure appropriate for injection into the near 
depleted oil well, the pressurization means operatively 
connected to the separation means; and 

injection means for injecting the pressurized carbon diox 
ide gas into the near-depleted oil well, the injection 
means operatively coupled to the pressurization means, 
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wherein the transportation means Supports and transports 

the reformation means, the separation means, the power 
generation means, the pressurization means, and the 
injection means. 

21. The apparatus of claim 20, wherein a substantial por 
tion of the carbon dioxide gas is injected into the near-de 
pleted oil well, thereby allowing oil to be recovered from the 
near-depleted oil well while generating electricity with low 
carbon dioxide emissions. 

22. The apparatus of claim 20, further comprising: 
steam generation means for converting water into steam, 

wherein the steam generation means is positioned adja 
cent to the power generation means such that heat from 
the power generation means is used to convert water into 
steam entering the reformation means. 
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